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Abstract- Achieving optimal performance from industrial asynchronous motors requires precise control of both torque and
magnetic flux. The conventional sgector direct torque control{BTC) method is widely used for this purpose, but it suffers
from several drawdicks, including significant torque and flux ripple and excessive switching activity in the power converter,
which leads to energy losses. This research addresses these issues by introducing an enhanced control method that integ
neural networks (NNs) ith a refined twelvesector direct torque control (A2TC) scheme. Unlike traditional approaches that
depend on hysteresis comparators and fixed lookup tables, the propodeasétNcontroller intelligently determines voltage
vectors in real time, enabling mo ot her and more adaptive motor operatio
effectiveness, showing substantial reductions in torque ripple, improved control tracking, and lower total harmonia distortio
(THD). Experimental validation on a dSPACES1104 hardware platform confirmed these improvements in practice. The 12
sector NNDTC achieved THD reductions of 30.87%, 42.22%, and 49.73% across different test conditions, along with 47%
faster dynamic speed response. Overall, the proposed neuratkidtaged 1Zector DTC represents a significant advancement
over the traditional ©TC. It delivers smoother performance, more rapid response, higher efficiency, and robustrickal
applicability® offering a more precise and energfficient solution forcontrolling industrial asynchronous machines

Keywords: Neural networksasynchronous machindirect torque controll2-sector DTCtorque ripple THD reduction

1. Introduction proposed various approaches for controlling these types of
EMs, such as the conventional direct torque control (DTC) and
Advancements in highly efficient technologies havefield-oriented control (FOC) [1, 2]
expanded the range of applications for electrical machines
(EMs) within industial settings, including the asynchronousi
machine (AM). Numerous researchers in the literature have

The DTC approach involves directly selecting the
nverterbés switching states
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table (ST), offering advantages like a simple structure anBl regulator's effectiveness in maintaining motor speed and
rapid response when compared to the FOC strategy. Howevextracting maximum power. Thetusly emphasizes the
the basic DTC technique relies on hysteresis comparatoirmportance of integrating RE sources for sustainable water
(HCs) that operate with variable switching frequencies (SFspumping solutions. However, the approach experiences torque
leading to signiftant torque and flux ripples that can oscillations during climatic variations, indicating a need for
negatively impact the performance of the AMHB more advanced control strategies or improved tuningeoPlI

To address the limitations of the conventional DTCreguIator to ensure smoother operation.

technique, many researchers have suggested enhancementsin [18], a singlephase induction motor is proposed to be
that maintain a constant SF and minimize torque and flugowered by a solar system, using a DTC strategy to control
ripples. One of the designed solutions is the application dhe operation of this machine. Additionally, a matype
space vector modulation (SVM) the DTC strategy, which power converter is used to clggnthe motor speed and
effectively manages the SF and minimizes flux, torque, anthanage the inverter output voltage. Using this converter
current fluctuations. allows for significant improvements in current and torque
| quality compared to a conventional inverter. This proposed
strategy has been implemented in the MATLAB environment,
&nd the results demonstrate the effectiveness of the designed
%pproach in improving the quality of current and torque
L(j:ompared to the traditional approach. The drawback of the
pfoposed approach lies in the use of a matrix converter, which
In [8], sliding mode controllers (SMCs) were introducedis characterized bgomplexity, high costs, and difficulty in
as a substitute for linear PI regulators to achieve a more robustplementation.
and nonlinear control. Thiapproach offers strong dynamic
performance and high resilience to external disturbanceariv

However, a major disadvantage of this technique is thﬁ] micro-hydro %ower Ialnt% %auserd by variations. in_wat

~ r
pheno menon kn own as fichat tﬂo "ahd'Eéhsumher 18adhe syste infe réters bncefecstronii he
mot ords operational rangse. S .St

that address the drawbacks of applying the DTC technique
the rotor speed control of an AM.

The SVMDTC approach replaces HCs with proportiena
integral (PI) regulators to produce the reference voltag
components [6]. Although this algorith significantly
improves performance, it requires precise information abo
the systembés parameters [ 7]

In the work by Masood et al. [19], a variable frequency
e (VFD) was proposed to address frequency fluctuations

overndr u%ing a vgriéb%ﬁ:)seeednAMsto dofisime® excess
g%nerated power, enabling its use for irrigation or water
storage. The VFD converts the variafilequency AC output
In the literature, various studies have utilized AMs inof the micrehydro system into a stable 50 Hz A@rsal

renewable energy (RE) systems. Reference [16] describes tigough AGDC-AC conversion. Additionally, the design
design of a wind turbine (WT) emulator usiagquirrelcage includes a DC bus that supports integration with other
AM and a separately excited direct current machine to emulatenewable energy sources, such as solar or fuel cells,
WT behavior in a laboratory environment. The systenenhancing system scalability. The study validates the VFD
incorporates usdriendly software for selecting wind data and electronic governor undearious load and water flow
and WT models, alongside hardware for 1@l control and conditions, demonstrating improved frequency stabilization.
monitoring. Key components include a-&dntrolled AM, a However, the proposed system's economic feasibility indarge
norrisolated stequp converter supporting maximum power scale applications remains unclear, particularly concerning the
point tracking (MPPT), and a load simulator for evaluatingcosts of integrating additional renewaleleergy sources and
efficiency under variable conditions. The emulator facilitategnaintaining the motor as a secondary load.

the testing of smatbcale wind systems while providing In [20], a hybrid combination of the SPWM technique and

comprehensive electrical and mechanical data monitoring,I requlator is pronosed to enhance the performance of a
However, the study focuses primarily on design and 9 prop ¥

simulation, with limited exploration of advanced Controlsmglephase AM (_1phas_e AM) powereo! by sol_ar energy. '_I'he
. Sresearch emphasizdsetimportance of improving electricity
e(5"uality in smart grids, particularly through harmonic analysis.
The authors implemented a matrix converter alongside a
multistage power conversion system, which includes a boost
In the work of Ghizlane et al. [17], a photovoltaic converter and a PV module, to optimigeeed and voltage.
powered water pumping system was designed, utilizing &he THD of the input voltage was analyzed, revealing a
threephase AM controlled through a sinusoidal PWMsignificant improvement with the proposed model, achieving
(SPWM) technique. The stsn incorporates a DOC boost a THD of 3.5 % compared to traditional methods.
converter managed by a pgrtmbdobserve MPPT a_Igorlthm Additionally, the perturb and observed MPPT technique
to optimize energy extraction from the photovoltaic array. A o . .
was utilized to maxnize energy extraction from the

PI controller adjusts the SPWM frequency to regulate the : .
. photovoltaic system. However, a notable con of this approach
motor speed according to the calculated referesmeed,

. . . - is the complexity involved in the hardware implementation
ensuring operation at maximum efficiency.

MATLAB/Simulink simulations were performed to test the and _the potenfual challenges in ré@he adjustments during
, N " . varying operational conditions.
system under varying climatic conditions, demonstrating the

environmental conditions, which may restrict its broad
applicability.
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Table 1. Some works addressing the limitations of the conventional DTC strategy

technique [10].

Techniques Type O.f Pros Cons
validation
- Reduced torque and flux ripples f
improved stability. - Increased computational complexi
Twelve sectors - Enhanced speed tracking with roby with the twelvesector DTC approach
DTC technique| .. . backstepping control (BC). - Dependence on precise parame
: Simulation ol . . e
using and - Reduced total harmonic distortion (THD) | identification .
backstepping . stator currents. -Hardware realizationrequires high
experimental. . . L .
speed contro - Effective stator resistance estimation us| performance processing
[9]. P-model réerence adaptive control (MRAC) - Limited analysis of scalability fo
- Validated improvements through simulatio| larger systems.
and experiments.
- Integration of ACO algorithm to enhance | - High computational demand for AC!
controller performance in DTC systems algorithm.
- Improved flux and torque fluctuatio| - Dependence on precise parame
Ant colony : . : :
ontimization reduction compared to DTC technique tuning for optimal Pl controllel
P . - Enhanced system robustness agal performance.
(ACO) Experimental. nonlinearity and parameter variations - Limited exploration of scalability fol
algorithmDTC y P P y

-Experimentally validated gains in spe
tracking and system stability

- Reduction in THD of stator and ratq
currents.

industrial applications.

- Increased complexity for retime
implementation on lowesource
hardware.

Fractionalorder
SMC (FOSMC)
technique [11].

Simulation.

- The FOSMC technique outperforn
traditional PI and SMC controllers in AN
control, offering superior robustness, redud
overshoot, faster response, mirzel
chattering, and adaptive design for dynar
conditions.

- While FOSMC technigue improve
control performance, it introduce
design complexity, requires adapti
tuning, and depends on accurate sys|
modeling, with challenges like residu
chattering ad performance sensitivit
under extreme conditions.

Duty ratio
control
technique [12].

Simulation
and
experimental.

- The paper presents a simplified duty ra
control technique that minimizes torque 4
current ripples, enhancing performance
DTCdrives

- It retains the simplicity of traditional ST
based DTC algorithms, making it easier
implement .

- The proposed method utilizes parallel to
speed control loops, reducing computatio
burden and eliminating the need for de
compensation.

- By modulating the duty ratio based on torg
error, the technique effectively improves t
overall efficiency of AM drives in electri
vehicles.

- The paper does not address poten
limitations in the modified duty rati
control algorithm such as itg
dependency on accurate torque e
measurement.

- The complexity of the contrg
algorithm may still pose challenges
reattime applications, despite efforts |
simplify it.

- The reliance on lookup tables for du
ratio modulation could introduct
additional computational overhead

certain scenarios.

- The proposed method may not ful
eliminate torque and current ripple
especially under varying loa
conditions.

Novel reference
flux selection
technique [13].

Simulatian.

- Introduces a novel reference flux selectio
algorithm to reduce torque fluctuation in
AMs for electric vehicles.

- Demonstrates improved performance ove
conventional DTC methods

- Achieves significant reductions in torque
ripple and current THD.

-Validated through simulations using a-Bp
AM, ensuring practical applicability

- Contributes to energy efficiency, reducing
battery energy consumption by 37.3%

compared to classical DTC technique.

- Limited to simulation results, lacking
realworld experimental validation .

- Focuses primarily on torque ripple,
potentially overlooking other
performance metrics.

- May require complex implementatio
in practical applications.

- Assumes ideal conditions that may
not reflect all operational scenarios

- The proposed method's scalability t
larger systems is not addressed.
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Table 1.cont.
E:szezryssl\e/l(é)nd - The FSOSMC technique enhances contrd - The paper does not address potenti|
(FSOSMC) performance, reduces torqtipples, complexities in implementing
L . . improves robustness against disturbances,| FSOSMC technique, reliance on GA
optimized by Simulation. P ; P . )
enetic minimizes chattering, and optimizes techniques may inbduce
genet parameters using GA techniques for dual s computational overhead, and variable
algorithm (GA) . : ved
[14]. AMs. SF issues remain unresolved.
- The paper analyzes losses in dimalerter | | Thg papersll|m|tat|ons .|ncl_ude
SO : lacking experimental validation,
fed operend winding AM drives, . X
: . : focusing solely on dual inverter
. introducing an improved loss model, N
Multi-level . . . : . systems, model complexity, limide
: Simulation. comparing pulse widtmodulation (PWM) . . ; :
inverter [15]. S S environmental impact discussion, anc
schemes, and highlighting significant :
- : . : narrow exploration of PWM
efficiency gains with DPWM technique for . -
g . technigues, restricting broader
safer, reliable operation. oA L
applicability and practicality.

In the field of control, the DTC strategy is one of the mostapproach sigificantly reduced torque/flux ripples compared
prominent lineastrategies used to control electrical machineso the DTCGPI strategy. Furthermore, the proposed approach
[21]. This strategy has several advantages that make itraduced the THD of the current by approximately 61.54% and
promising solution for controlling electrical machines,46.55% in all tests compared to the DPCapproach. Despite
especially AM. This strategy relies on estimating both torquéhis remarkable performancehere is a drawback to this
and flux [22]. The strategy ainte make torque vary directly proposed approach. It features a significant number of gains,
with current, making the machine similar in principle to amaking it difficult to finetune the dynamic response to torque
direct current machine [23]. Therefore, this strategy is of greand flux. Furthermore, the use of fuzzy logic (FL) makes it
importance in the field of control, as evidenced by the numbadifficult to easily finetune the controlgiven the lack of a
of works that have addressed it. Thisategy has several mathematical rule that specifies the number of rules required
drawbacks that limit its spread, the most prominent of whicho achieve optimal performance. As is well known, the FL
are low robustness and high torque and flux ripples [24method relies heavily on experience, requiring
Furthermore, the high THD of the current is another majoexperimentation and iteration to achieve optimal results.

drawback of this strategy. An adaptive networkbased fuzzy inference system is

Several solutions have been pospd to overcome the combined with the secorarder supetwisting sliding mode
problems of the DTC strategy, the most prominent of which iSSTSM) algorithm [27] to obtain a robust controller that
replacing both ST and HC with other more, efficientovercomes the DTC problem. In this designed approach, a
strategies. In [25], a new strategy is proposed for the DT@odified SVM strategy is used along withettproposed
technique of an induction motor. This designed strategy relieontroller to develop the DTC strategy. The proposed DTC
on the use of a dual PI controller to control the flux and torquestrategy is characterized by high robustness, high efficiency,
where the outputs of these controllers are reference voltagase of implementation, and fast dynamic response. This
values. The modified SVM strategy is used to compensate fproposed DTC strategy uses the same torque and flux
the use of ST in controlling the machine's inverter. Thigstimation equatins as the traditional approach. The proposed
designeris designed for simplicity, fast dynamics, andstrategy was implemented in MATLAB using several
excellent performance. The MATLAB Neo environment wadifferent tests, comparing its performance and effectiveness
used, along with the Liberals, and the results showed that tiéth the DTGPI approach. The results showed that the
designer achieved an excellent THD value of 28.57 %lesigned approach reduced the THD of currgn6b.54 %
compared to the traditional DTC approach and 57.33 % percent compared to the EHICapproach.

. . . Furthermore, the designed approach yielded better results
A fuzzy supeitwisting SMC technique is the proposed %ompared to DTEI in terms of reference tracking and

solution in [26] to overcome the problems and drawbacks c%nguced torque/flux ripples. This approach has drawbacks, the

the DTC strategy of the induction generator. This designe ost notable of wigh are its complexity and the presence of

controller is char_acterlzed by high robustness and excelleg significant number of gains. This designed approach is
performance, as it 8s two controllers to control the flux and

torque. In addition to using this designed controller, th affected by changes in machine parameters in robustness

modified SVM strategy is used to generate the puls ?estlng, manifested in increased torque/flux ripples and higher

> . HD of current, necessitating the setafor a more effective
necessary to operate the machine's inverter. This strategy was

compared to the DT®ased Pl controlle approach. and highperformance strategy.

Compared to the DT®I strategy, the proposed approach is  In [28], an FL methoébased DTC technique is proposed
more complex and expensive. The MATLAB environmentfor synchronous motor control. The FL method is used to
was used to implement this proposed approach under variocsmpensate for the controller's Pl of speed, and 25 FL rules
operating conditions, and the results showed that the proposag used to embody the FL nteller. In this designed

4
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strategy, ST is used to control an inverter. This designesiynchronous motor (PMSM). This strategy is different from
strategy is compared with a conventional approactthe traditional strategy, as its use allows for reducing torque
implemented using MATLAB/SIMULINK. The effectiveness ripples. Moreover, the use of this strategy allows for a lower
of the designed approach is verified under different speeds amdlue of the THD of the current compared to the traditional
load disturbances. The obtained results demonstrate thpproach.

effectiveness of the proposed control in reducing torque and
current ripples at different speeds while improving th
dynamic response to speed and flux.

e Another work in [33] addressed the application of the
ANN strategy to overcome the problems of the DTC technique
of induction motor. In this work, ANN techniques were used
In [29], a new DTC strategy is proposed for coliing an  to compensate fdyoth HC and ST of the DTC technique. The
induction machine. This strategy is a neural network éNN)designed strategy is characterized by fast dynamic response,
based discrete predictive direct torque and flux contrdhigh robustness, and ease of implementation. The results
(NNPDTFC). This strategy uses the SVM technique to drivebtained showed the high performance of the designed
the machine inverter, which makes it different from theapproach compared to the conventional apghda terms of
conventional apmrach that uses both ST and HC. Thetorque/current ripples and THD value of current. In [34], the
performance and effectiveness of the proposed approach adaptive NN approach was proposed to overcome the DTC
compared with a DTC strategy based on PI controllers. In thigrategy problems of linear induction motor drives. This
work, the gain values of the proposed approach werstrategy was implemented in the MATLAB environment
calculated using the particle swarm optimizatadgorithm. using various tds. The results demonstrated the effectiveness
Minimized disturbances, simple control, and siime  and efficiency of the adaptive NN approach in improving the
implementation are key features of the designed approacbperational performance of DTC. In [35], the neural DTC
which also enhances the transient performance of the motmchnique of the induction motor was experimentally
drive by reducing settling time and peak overshoot. Thanplemented using an FPGA. After giviniget mathematical
performance of th designed approach was analyzed usingnodel of the induction motor and the equations expressing the
MATLAB. The obtained results show that the proposedTC approach, the designed approach was experimentally
approach significantly improves the flux and torque ripplesmplemented using an FPGA. The results of the tests
compared to the conventional Pl controlersed approach. conducted prove the effectiveness of the designed approach in
Furthermore, this designed approach was erpntally improving the performance and efficiency of the machine
implemented using a lowost digital signal processor (DSP) when using the neural DTC approach compared to the
controller, where a 3.7 kW induction motor was usedtraditional technique.
Experimentally, the designed approach yielded highly
satisfactory results under uncertain system parameters a{p%
external load disturbieces. Furthermore, it yielded enhanced
dynamic performance as well as static performance wit
reduced ripples in signal flux, torque, and current compared
the conventional PI controlldrased approach.

In [36], deep reinforcement learning is used to improve
DTC strategy properties of PMSM with parameter
obustness. The use of deginforcement learning improves

e operational performance of the DTC approach and
Increases its robustness. The MATLAB environment is used
to verify the effectiveness of the designed approach. Various

Another strategy proposed in [30] for controllimn tests are performed, and the results are compartd the

induction motor is the DTC based on a decision treBTC), traditional strategy. Simulation results show that the use of
which uses actively trained artificial NNs (ANNSs) to enhanceDTC reduces flux/torque ripples and significantly reduces the
accuracy and robustness. The goal of thBTIC strategy THD of current compared to the traditional DTC technique.
proposal is to significantly reduce flux and torque ripplesFL technique was combined with NN techniques in [37] to
ensuring effig@ent control of induction motors. Conventional create a rbust controller that overcomes the drawbacks of the
stator flux and electromagnetic torque hysteresis controlleiBTC strategy. The author used a thteeel inverter to power
have been replaced with two advanced controllers known #@ise machine. Furthermore, to improve the performance of the
M5 Prime model trees. Additionally, the conventionalDTC strategy, 24 sectors were used instead of the usual six. In
switching table has been replacedhwa new decision tree this designed sttagy, an NNFL controller was used to
using the classification algorithm 4.5. The effectiveness of theontrol both flux and torque. ST was also used to generate the
proposed TDTC strategy was demonstrated usingpulses required to drive a thebyel inverter. MATLAB was
MATLAB/Simulink, comparing the performance with the used to implement the designed approach and compare its
conventional approach. Several different tests were used. Therformance with the conventional apach under various
validity and efficiency of this approach were also validated iroperating conditions. Simulation results demonstrated the
reaktime using the HIL platform based on the ORRI OP  superior performance of the designed approach, reducing the
5600 and the Virtex 6 FPGA ML605. The results show thaTHD of current by 77.50%, 48.34%, 75%, and 81.43%
the proposed approach offers a significant improvement oveompared to the conventional approach. Furthermore, torque
existing techniques in thkterature, making it a promising ripples wee reduced by 30%, 39.24%, 31.94%, and 59.31%
solution. One of the most prominent solutions proposed t@wompared to the conventional approach. Despite this
overcome the problems of the DTC strategy is the use of NN®erformance, the designer's approach has drawbacks, the most
as a suitable solution due to their accuracy and ease of usignificant of which lies in its use of ST and torque/flux
[31]. In [32], an NN technique was used itoprove the estimation, which significantly impact®achine parameter
properties of the DTC strategy of a permanent magnethanges.
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This experimental work proposes to study the2. AM Model
effectiveness of using an NN controller to overcome the
drawbacks of the *2ector DTC (12DTC) algorithm applied In this section, the mathematical model (MM) of AM used
to AM while comparing the results with theséctor DTC (6  in this work is discussed. To give the model, the Concordia
DTC) techique. Therefore, the main contribution of the papetransform is used. This conversion is based on simplifying the
lies in the application of NN techniques to overcome thenachine model, where mathematiegjuations are given for
problems of the 1Bector DTC algorithm. This strategy is a each part of the machine. This model has been detailed in
modification and development of theD6l' C technique. In this several scientific works [38, 39]. Equation (1) represents the
designed algorithm, NNs @used to compensate forboth HCAM v ol t ages in the axis (Ub).
and ST. The 12 sectors neural DTC strategy is a different

strategy, as it differs from related businesses such as [29] and P Eu

[30] in terms of principle, simplicity, and ease of rr Qo

implementation. First, this algorithm is testedusing oo Yo ED

MATLAB, and the results are compared with the traditional Qo @
approach. Various tests were used to prove the effectiveness rF, e Q Q o

and efficiency of applying NNs. All tests demonstrated the . Qo

strength of the algorithm in reducing torque rip_ples and {’d, YO ﬁu 00

reducing the T of the current. Secondly, the simulated w Qo

results were confirmed using real tools, where the dSPACE The rotor currents in the .

1104 was used to control the operation of the 3.5 kW AM:equation (2). This equation was obtained based on Equation
drive. Therefore, implementing the proposed algorithm using).

real equipment is considered the secoran contribution of

this paper. The obtained experimental results confirm the a 00

simulation results, making the proposed approach applicable w0 o

in various industrial fields such as electric vehicles and Cr a 00 @
electric power generatiofexperimentally, theproposed 12 ir © 0o

sector neural DTC (2RIDTC) algorithm, compared to the .

traditional approach, has high competence and great efficacy, F"™omEquati on (1), the express
as the torque and flux ripples are reduced. Also, this propos@&fiS can be extracted according to Equation (3) [40].
algorithm improved the speed response time value and the .

THD value of the current compared to théd@ C technique. 0 U_ a o)

In addition to these experimental results obtained, the . v ©)
designed algorithm is simple, easy to realize, and inexpensive. g v a 00

Accordingly, the objectives achieved from this paper can be v v

extracted in the form dhe following points: Derivation of Equation (3) allows writing Equation (4).

i Experimentally verify the effectiveness of applying NNs This equation is used to create an AM model in MATLAB.
in overcoming DTC technique defects.

o ) ] Q0 0 @ . QO
U Significantly improve dynamic speed response. 0o o 9o 'Y 0o @
i Significantly underestimates the THD of the current o U o 5 2O
compared to the-BTC technique. p Qo 0 Qo " Qo
U Reduce gtor flux fluctuations. The torque of the AM is calculated according to the

quation (5). To change therque, it is enough to change the

U Reducing the value of exceeding the speed Iimi urrent or flux.

compared to the traditional approach.

U Reduce torque and current fluctuations. ~ rlg i 0 4 o ®)
U Increasing the robustness and efficacy of the AM control
system compared to using théd@ C technique. Equation 6) shows the relationship between speed and

. . torque. Through this relationship, the operation of the AM and
The sections of the article are as follows: The seconqtne rotational speed can bentrolled.

section deals with the AM model. In the third section, the 12

sectors DTC approach algorithm is discussed in detall, o

mentioning the pros and cons. 12 sectors neural DTC g Y Y ™ (6)
algorithm are listed in Section I\ Section V, a simulation ] ]

of the designed algorithm using MATLAB is discussed. In the [N the next section, a isector DTC approach is proposed
sixth section, the suggested algorithm was realized usidg" AM control instead of using the traditional algorithm. In
experimental work (dSPACE 1104), where real tools werdiS section, the operating principle will be given, mentioning
used to implement it. In Section VII, all conclusiorfstiee ~ the cons and pros.

work are listed.
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3. 12 Sectors DTCAIlgorithm

The 12DTC algorithm is considered one of the most
prominent solutions designed to defeat the problems of thtﬁ
conventional DTC algorithm [41]. Its use allows for a
significant increase in competence and robustness. Th[|

approach

is a odification and development of the
conventional DTC algorithm. In the 4@TC algorithm, a
four-level HC is used to control torque, and-#e2el HC is
used to control flux. Also, in the IRTC algorithm an ST is
used to control the inverter of the AM [42Jherefore, the 12

dynamic response [43].

The 12DTC algorithm is listed in Figure 1, which has the
same structure as the traditional algam. In this algorithm,

2

e

To produce th@ulses necessary to run the inverter, Table

is used, which contains 12 sectors [42]. This table is larger
an the ST of the traditional algorithm, which gives it greater
fficiency. Changes in flux, sector, and torque make it possible
3 select voltageectors to follow torque and flux reference

values. ST is the basic element in the DTC algorithm, and the
selection of efforts plays an important role in the efficiency
and performance of this algorithm.

m

estimation of both torque and flux is used, which is a necessar

process to calculate the torque and flux error. Also, the pi"

Figure 2 represents the HC used to control torqhés T
DTC algorithm is described by its simplicity, ease ofregulator has the following outputs: 2, 1, and-1 [43].
implementation, satisfactory performance, low costs, and faQutputs with negative values are used to be able to reverse the
rotation direction of the AMFigure 3 represents the HC

y

controller is used to calculate the torque reference value. The

input to this regulator is the speed eramd its output is the

torque reference value. This controller was relied upon for its
simplicity, ease of operation, fast dynamic response, and ease
of adjustment.

In the 12DTC algorithm, both voltage and current are
measured to estimate torque and flincthis algorithm, no
sensors are used to capture speed, which makes it eas

maintain, inexpensive, and highly accurate.

Ten

PI controller

Table 2 The ST of 12DTC algorithm

e

Torque, Flux and

2. Zone esti

———

W

af

abe

Fig. 1.12-DTC algorithm of AM.

N;
HC HC 1({2(3|4|5|6]|7 9| 10 | 11 | 12
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proposed in this algorithm for flux control. Therefore, this HC
has two states: 0 and 1 [41]The strategy depends on
easuring voltage and current, and to calculate these values
(Ub), Equ

ation (7)) 1is
@

j @)

@

The DTC algorithm isharacterized by three errors: flux

error

, torque

er §s0 el aaghdin lfispe
addition to the anglels that determines the location of the

vectord s based on the componerits @ndu s s Equation (8)

Ys

(0]

+2

+1

L

b

HCr.

ows the errors used in the DTC altfum [44].
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To estimate the torque, the flux must be estimated first,
and Equation (18) is used for this purpose. Estimating torque

- z (8) is related to measuring current, as the more accurate the
- z current value is, the better the results.

Equation (9) can be used to calculate the AM flux of Y p® N 80 80 (18)

voltage.

g Despite the many advantages of this algorithm, such as
T rapid dynamic response, it gives unsatisfactory results in the
w5y YQ event of a malfunction in the system, such as a change in

Q (9  machine parameters. Using this algorithm does not

®w -— Y significantly reduce torque and current ripples. Also, this

o 0 o approach provides a higher THD value for the current which

with:o @ @ hQ Q mhiQ Q is not desirable. In the next section, a simple and effective
mh B B s B 7} solution is designed to overcome the problems and

isadvantages of the 12aors DTC of the AM, mentioning

- ; [
accgrrcj)i?g fgléz[boaqiéi)’(fg;a flux expression can be extracteﬁw disadvantages and advantages of the proposed solution.

0 4. 12 Sector NN-DTC Algorithm
Q0 The 12sector NNDTC algorithm is the solution designed
Equation (10) becomes as follows [45]: in this work to defeat the problems of the-de&xtor DTC
algorithm of AM. This algorithm relies on the use of NNs to
. . enhance performance and robustness. NNs were adopted as a
YQ wQo (1D syitable solution due tthe results obtained in the works 47
49].

This algorithm was relied upon for its ease of use, high
robustness, and no need for an MM of the machine, which
i ) gives it greater efficiency if the AM parameters change, and a

Where, s the flux value in=0s. fast dynamic response. Thereforee tiigorithm proposed in

The flux can be calculated from the inverter operatindhis section is a modification of the traditional algorithm,
pulses according to Equation (13). This flux is related to th&here ST and HC were dispensed with and replaced with a

YQ ® (10

W'Y Y 'XQ0o (12

DC voltage valug46]. NN regulator, as shown in Figure 4. A neural regulator is used
with three inputs: torque lines, sectors, and flimes. Also,
QY &Y Y ‘ this regulator has three outputs which are pulses to operate the
0 5 ) Y X0 (13)  machine's inverter (Sa, Sb, and Sc).

The 12NDTC algorithm is based on estimating torque,
, and sectors. To estimate these values, both voltage and
current are measured. Thine, it is necessary to use
Hcieasuring devices with high accuracy to minimize the error
between the reference value and the measured value. In this
- approach, the estimation equations are the same as those
S s (14)  mentioned in Section 3 of this papkrthis work,the training
data source for the proposed Midsed DTC algorithm was
taken from the traditional 12 sectors DTC approach, where the
| ol Ho=0 (15) algorithm was trained and tested using data from the
traditional 12 sectors DTC approach.
e

Equation (14) shows the expression stator flux moduIUﬁux
used in this work.The angle of the flux is neglected to
determine the sectors, and to calculate it, Equation (15)
used.Equation (16) expresses the stator current of the AM.

QM (16)

The current expressions i
Equation (17) [46].

- PI controller
“om g
N (17) abe | Vase
LI
w %9 «

Fig. 4. 12 sectors NNDTC algorthm of AM.
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Alra

The 12NDTC algorithm is based on the use of ayle
regulator to control and change the speed, and it is the sai
controller used in the traditional I2TC algorithm listed in
the third section. The gain values of this regulator wer
calculated wusing the method of simulation and
experimentation, where values were taken that gav
satisfactory results in terms of the value of THD of current an
torque ripples.

Best Training Performance is 0.027372 at epoch 1000

10°

107"

Figure 5 represents the neural regulator used to control t|
operation of theAM inverter. The Levenbeidarquardt
(LM) algorithm was relied upon to obtain this neural regulator
The LM algorithm is known as the damped least square
approach, as it is used to solve nonlinear least squar

Mean Squared Error (mse)

400 500 600 700 800
1000 Epochs

100 200 300 900 1000

problems. Using this algorithm allows forghi performance

and great efficiency. A neural algorithm of the type Gradient

Descent with Momentum & Adaptive Learning Rate

Backpropagation was used to embody the neural controlle
This type is characterized by distinctive and effective, ,u; process Input 1

performance. Alsoit can be applied without having to know

the MM of the AM. Table 3 represents the characteristics ¢
the neural regulator used to improve the efficacy an

competence of the 1RTC algorithm of AM.

Figure 6 represents training for the newmatroller. It is

noted from Figure 6 that at 1000 epoch we obtain the best

Fig. 6. Training

7
o §

{1}
Layer 1

3

Process Output 1 Output

(@)

value for training performance, which is estimated at

0.027372. Figure 7 represents the internal structure of a neu
regulator used to overcome the disadvantages of tHgT2
strategy.

Fig. 5. Neural controller

Table 3.Characteristics of theN techniqueused.

Parameters Value
Number of hidden layers 2
Number of neurons in first hidden layi 25
Learning rate 0.05
Display step (error display interval) 6 Gterations
Number of input layers 1
Number of iterations (epochs) 1000
Number of output layers 1
Number of neurons in the input layer 3
Momentum coefficient (mc) 0.8
Number of neurons in the output laye 12
Error (goal) 0.005
Activation functions Linear (output)

, efi2. 1) [ =)}
a1} \’ :‘l
Delays 1 Lw{2.1} % —@
+
£- / netsum purelin 8{2}
52}
(b)

y

pil}

Delays 1 1W{1,1}

7

tansig

—()

{1}

c- netsum

b1}

()

Fig. 7.Internal structure of a neural controlléa) NN, (b)
layer 1, (c) layer 2

In Table 4, a comparison is made between the proposed
12-NDTC algorithm and the traditional DT&lgorithm. The
similarities and differences between the two algorithms are
mentioned in this table. This table gives a clear picture of the
proposed algorithm in terms of structure and its effectiveness,
as the results of the fourth section were usedlit@di this
table.

The use of the 2RIDTC algorithm allows for a reduction
in torque fluctuations and the THD of current compared to the
6-DTC, as confirmed in the next section. In the next section, a
simulation of the designed algorithm is performed using
several different tests.
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ICATIONS

Table 4. Similarities and differences between two algorithms.

In Table 5, the approach designed in this paper is
compared with the approach listed in Reference [9]. From this

Traditional 12 Designed 12 table, it is observed that the work done in this paper is
Features DTC sgt_:rtgrs secltjo_I[sCNN completely different from the strategy designed in the work
algorithm technique | _algorithm done in Reference [9] iterms of prinpiple_, type of controller
used, performance, effectiveness, simplicity, etc.
ST Yes Yes No Table 5. Comparison of the designed approach with the work
THD High Medium Low done in reference [9].
Proposed work Suggested
PIO;eS%Lg:;or Yes Yes Yes Features in [9] technique
Flux Reformulatlo.n. of
ey Yes Yes Yes DTC decision
estimation process as a
Tprqug Yes Yes Yes Conceptual E.nhance.m'ent intelligent
estimation novelty within existing optimization
Response DTC structure .
) Fast Fast Very fast problem  using
dynamic adaptive  neura|
NN No No Yes inference
controller Adaptive neural
Robustness Low Medium High _ Fixed control | NEtwork with sek
Learning . adusting weights
Number of 6 12 12 /Adaptation gara_metlers, 9 | that responds t
Sectors- adaptive learning Changes in
frggg?gﬂ'ﬁ Yes Yes Yes parameters/load
12-sector DTC
Flux/torque : . 12-sector DTC . ified
: High Medium Low with using unifie
ripples : neural  decisior
Affected if Core control ngggségﬁ?r?I?er structure
machine .Great .Great Little impaCt. Strategy gnd PMRAS rep|ac|ng
parameters impact impact . hysteres|s
change stator resistance| o oaators  and
identification tables
Although the replacement of hysteresis comparators and' °raue and flux Yes Yes
switching tables with NN method or intelligent networks hag_€stimations : _
been explored previously, the present work introduces |a _ Treated Joint optimization
distinct conceptual and technical framework within the 12| Integrationof | ;o o pqengy  jy Of torque and flux
sector DTC paradigm. Speicidlly, the proposed method | forque & flux i, "o fu iy o Within —a single
employs a unified neural decision structure that jointly control decision process neural  decision
determines the optimal voltage vector by considering bot framework
torque and flux sector information, rather than treating them Robustness | High High
as independent processes. Furthermore, NNs ar@eoed a .
strategy that does not require knowledge of the mathematigal Significant
model of the system under study, which ensures robustness in . Moderate reduction due td
the face of parameter changes and load disturbances. Thig isTordue ripple | improvement adaptive  neura
fundamentally different from current 4&ctor DTC reduction compared tg control and finer
approachesncluding the method mentioned in [9], which rely classical DTC voltage  vector
on fixed control parameters and do not take advantage pf selection
online adaptation or integrated optimization for torque angd Simulation  and Fully validated in
flux control. Using this strategy requires a thorough Realtime limited reaktime
understanding of the mathematical aieting of the system | jmplementation| experimental embedded syster
under consideration, making the proposed approagh validation implementation
susceptible to changes in machine parameters. Furthermaore; Faster _ transien
the proposed framework was validated through immediate ) Improved using response throug
implementation, demonstrating improved torque ripple Dynamic Backstepping continuous. data
suppression and dgmic response while reducing response control driven décision
computational costs. These features together represent the mapping
most significant innovations in the proposed approachy
surpassing previous improvements in thesg2tor DTC. Complexity High Moderate

10
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Table 5 therefore, illustrates the differertmetween the
designer6s work in this pa \“
reference [9], summarizing the most important technical an I ‘,( "“ﬂ
conceptual differences. As demonstrated, the propose ’”

n
S
2

\ ced

' Torque(Nm) N12-DTC
b

' 14 |
|

Torque(Nm) DTC

controller offers a unified neural architecture capable o
making realtime adaptive decisions, whereas current studie
(such as [9]) rely on fixed control laws or offlitiained

=)

' v
Whmu ¥

=

mummmmummmmmuummw

Electromagnrtic torque (N.m)

models. This integration of learning capabilities within a
twelve-segment DTC framework is the key novel feature o
this work. A

""" ‘Tm W 'wm uninn

W Jﬂlmmlwmmn A T P x
|

5. Results

< 2 25
Time(s)

(a) Torque

This section irplements the algorithm proposed in this
work using MATLAB. The results obtained are comparec 1o

with the traditional 6sector approach using a 3.5 kW AM. A
comparison is made between the two strategies in terms
tracking references, reducing torque and flugtuations, and

-
£
&
)

=

]

speed(rpm)N12-DTC
speed(rpm)DTC

speed(rpm) - Rel

the value of the THD of the current. The AM parameters usegse 7
in the simulation are as follow$= 0.00325 Nm/rad/s)= = | |
0.043 kg-m?,L= 0.267 H,L< 0.336 H,L= 0.2036 H,R= “'
1. 8R=q4. 280.8§ Wh, p=2n=1480rpmP,=3.5

kW, Te= 20 Nm, I,= 11.1/6.5 A V,= 230/400 V, ands= 50 o "
Hz.

5.1.Test 1: Neload Sart-up andSteadystateOperation

Time(s)

(b) Speed

In the first test, the motor is operated at a constant spe: ‘vrﬁ, AR Y w, Al A i Y W i
of 1000 rpm without applying any load. The results of this tes JWJ&»L W‘ ﬂ ﬁl /mmx W W iﬁ ]A(ﬁ
.‘ [ 1A
|

are represented in Figure 8. Figure 8a illustrates the torque 1 = °[fi|
the two algorithms. This torque reaches a value of 20 N.m i = J(
thecase of startup and then gradually decreases until it react W

Y

a value of 0 N.m when the speed is equal to the value of 10!

rpm. It is also noted that theBTC algorithm significantly ° 04
reduced torque ripples compared to tABBC algorithm.

0.2 . 03 0.4 0.5
Time(s)

(c.1) Current: DTC

Figure 8b repreents the speed of the two algorithms. This

speed initially changes gradually until it reaches the referenc

4

value estimated at 1000, after which it remains constant. It AR MY
noted that the designed algorithm provided a faster respon }m 'Jﬂ FYWUEYY
time than the DTC tectique, which indicates the I\

MN “ Jr‘ T\. f r"‘ N F [ | 18T, \l ’(‘L“H(‘\ [\
' ﬂ )’ ﬂ ‘ { ﬂ | ﬂ ; ” |
‘ AN NAJA

effectiveness and efficiency of this algorithm

Is (A)

e
| )/ I A \“\ }, \
Figure 8c represents the current for the algorithms used | ‘uJ‘v‘ VUMV VWUV ALY

this work. This current has a sinusoidal shape for the tw

algorithms with ripples. The proposed algorithm gave the hig . 0 0z 03 o4 os

quality of the current compared to the DTC algorithm, which

Time(s)

shows its high performance and the extent of its ability to (c.2) Current:12 sectors neural DTC

enhance the quality of the current.

0.

Figure 8d represents the trajectory of the stator flux

T — ="

components Aisd and ms.iTsisgsaf or
circular trajectory for both controls with ripples. The proposed
algorithm gave a better trajectory than the DTC technique in

Figure 8e represents the po -
the two controls. It is noted that theo algorithms have the

ctor

same value as the position of -

.//I
; 2 .
terms of ripples. E
=)

Thi s

takes the shape of saw teeligure 8f represents the THD =
value if the two algorithms are used.

‘plsd (Wb)

(d) Trajectory of the stator flux componentsqanda kq
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(e.2) Position of the flux vectox s 12 sectors neural DTC
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(f.2) THD of current 12 sectors neural DTC
Fig. 8. Results of the first test

According to the two figures in Figure 8f, the THD value
was 11.32 % and 6.52 % for DTC andNPTC, respectively.
Therefore, the proposed algorithm significantly minimized the
THD value, as this minimization was estimated at 42.40 %
compared to the DTC technique. On the other hand, it is noted
that the amplitude value of the fundamental signal (50 Hz) for
the two controls was estimated at 3.21 A and 3.17 A for the
traditional approeh and the 13&ector neural DTC strategy,
respectively. These values indicate that the conventional 6
sectors DTC approach has an advantage in amplitude value
compared to the 18ector neural DTC approach. Therefore,
the amplitude value of the approachidaed in this test can
be considered negative, as this disadvantage can be attributed
to the characteristics of the neural approach used. This
disadvantage can be overcome in the future by adding other
strategies integrated with the neural controller.

Table 6 presents the numerical results of the first test of
the two approaches. This table presents the values and
reduction ratios for torque/flux ripples and velocity/flux
response time. This table shows that the designed approach
yielded significantly bette numerical results than the
conventional 6 sectors DTC technique. From Table 6, the
designed approach reduced the torque, flux, and current
ripples by 55 %, 55 %, and 74.81 %, respectively, compared
to the conventional 6 sectors' DTC strategy. On the bidned,
the designed 12 sectors' neural DTC technique yielded
significantly better times for both velocity and flux than the
conventional 6 sectors' DTC strategy, with ratios of 43.91 %
and 39 %, respectively. These ratios demonstrate the
effectiveness ate designed 12 sectors' neural DTC approach
in improving the properties of the studied system.

Table 6. Numerical results of the first test

Performance Traditional | Proposed | Ratios
metric technique | technique | (%)
Torque ripples 4.50 20 55
(Nm)
Speed response tim 230 129 4391
(ms)
Flux ripples
(Wh) 0.045 0.020 55
Flux response time 140 85 39
(ms)
C””e(”At)”pp'eS 0.393 0.099 | 74.

5.2.Test2: Speed Variation Under Nmad Conditions

In this test, the INDTC technique is studied in the case
of changing the speed from 1000 rpm to 1500 rpm while no
load is applied. The results of this test are listed in Figure 9.

Figure 9a represents the speed change as a function of
time for the two lyorithms. The speed follows the reference
for the two algorithms, with the proposed algorithm having an

12
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advantage in terms of response time compared to the 6 sector:

DTC algorithm

Figure 9b represents the torque change for the two . . ﬁ e
algorithms.This torquds affected by a change in speed at the
momentt = 1 s, where an increase in the value of the torque is
observed until it reaches a value of 2dnNthen it gradually
decreases to a value of GM\with the presence of ripples. The
torque ripples are muclower when using the proposed 0 ' Timee) 2
algorithm compared to the DTC technique. '

speed (rpm)

a
3
3

. . a) Speed
Figure 9c represents the current for the two algorithms. (@ Sp
This (_:urrent is affecte;d by the change in the speed Qf the | A R
machine, as its value increases atls. The current remains Al i
sinusadal for both algorithms. Also, the designed algorithm " il i i
gave high quality for this current compared to the DTC. il ‘;Ji g

N

A
B "mu#m Mwl‘wLxlmn M pgﬂml;mrﬂw

Figure 9d represents the trajectory of the stator flux
componentsa kg and A kq for the two controls. This flux
trajectory remains circular, with the proposed algorithm
having an advantage in terms of ripples compared to the DTC
technique, and the results of the previous test are the same. 7% o8 1 ; 2 28

15
Time(s)
These results highlight the superiority the 12NDTC

Electromagnrtic torque (N.m)

technique and its competence in reducing flux ripples, current, (b) Torque
and torque. In this test, it is noted that the position of the flux
vectoran sremains the same shape as in the previous test for : LT “:f‘ !Mnlurﬂl .«UMAR%P
the two controls (Figure 9e). AR AR W T
The THD of current Viae for the two algorithms is Jk MT i“ih M” M‘r ‘,1 W{H [
| 4'

represented in Figure 9f. This value was 7.46 % and 14.25 % = | ]M’ | LIWU ‘J"WH\[‘WW;'NT ‘ lJ |
for the designed algorithm and DTC technique, respectively. | NJWWH,WLMWWWW WUM ‘ J]l ﬁ ”\_M ‘jl‘ % Ml
“ 1 ¥ I

So, the proposed algorithm provided a better value for THD - VPRI f TR

compared to the DTC technique. The proposedralgm

reduced the THD value by an estimated 47.65 %. . "'” " Time b "
It is also noted that the amplitude value$ the (c.1) Current: DTC

fundamental signal (50 Hz) were estimated to be 2.95 A and
3.23 A for both the conventional approach and thed&or
neural DTC technique, respectly. These values 1 1 ‘k AT
demonstrate that the amplitude value is better in the case of { i i
I (Hﬂ\

using the designed approach compared to the conventional 6_/\
sectors DTC approach, where the amplitude value was VU ; ‘
improved by a percentage of 8.67 Phis percentage indicates i 1 U”.M T ‘;‘_ [ U I ‘U‘
that the quality of the current is very high if the designed — "=t tnten e iy

algorithm is used, which is a good thing.

0 1.0
Time(s)

Table 7 presents the numerical results of the second test
of the two controllers. This table clearly demonstrates the (c.2) Current12 sectors neural DTC
superiority of the designed approach over the conventional 6
sectors DTC approach in terms of reducing torque/current | VJ
ripples and improvig the response time to velocity and flux. =
From this table, the designed 12 sectors neural DTC technique
reduces the torque, flux, and current ripples by 54 %, 54 %, o
and 68.43 %, respectively, compared to the conventional
approach.

On the other hand, theesigned approach reduced the 0.4
response time to speed and flux by 44 % and 39.46 %
compared to the traditional 6 sectors DTC technique. These o8
figures demonstrate the effectiveness of the designed 12
sectors neural DTC technique in this test and its higityatul
improve the properties of the studied system, making it a (d) Trajectory of the stator flux componentgqanda kg
promising solution.

-0.8 -0.4 0.4 0.8
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(e.1) Position of the flux vectox s DTC

Table 7. Numerical results of theecondest

Performance Traditional | Proposed | Ratios
metric technique | technique | (%)
Torque ripples 500 23 54
(Nm)
Speed response tim 330 185 44
(ms)
Flux ripples
(Wh) 0.050 0.023 54
Flux response time 147 89 39.46
(ms)
C””e(”At)”pp'es 1.036 0.327 | 68.43

: / /

l/

1.30 1.32 1.34 1.38 1.38 1.40 1.42 1.44 1.48 1.48 2.50
Time(s)

(e.2) Position of the flux vectox s 12 sectors neural DTC

Fundamental (50Hz) = 2.95 , THD= 14.25%
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Fig. 9. Results of thesecondest

5.3. Test3: Test with Resistive Torque (Load Condition)

This test is different from previous tests. In this test, the
speed is fixed at 1000 rpm, and the load (¥@)Ns applied in
the time range from 1 to 2 s. The results of this test are listed
in Figure 10.

Figure 10a represents the torque changefagdaion of
time. This torque follows the reference well while having a
quick dynamic response. It is noted that there are fluctuations
at the level of this torque, and these fluctuations are less when
using the proposed algorithm compared to the 6 sebD6G
technique.

Figure 10b represents the speed change for the two
algorithms as a function of time. First, the speed changes
gradually until it reaches the reference value, with the
proposed algorithm having an advantage in terms of response
time comparedo the DTC technique. After that, the speed
remains constant and follows the reference value well, with an
exceedance of the limit value at the time pointsof 1 sand 2 s
as a result of the torque change.

Figure 10c represents the current for the two ritlgms.
This current is affected at the moment of 1s, where its value is
observed to increase, and this is a result of applying a load at
this moment. This current remains sinusoidal for both
algorithms, with the proposed algorithm having an advantage
in terms of current quality compared to 6 sectors DTC
technique. In this test, the trajectory of the stator flux
component kqanda kqremains circular (Figurg&0d), with
the proposed algorithm having an advantage in terms of
undulations compared to the écsors DTC technique, which
produces the same results as the previous two tests. These
results highlight the advantage of the designed algorithm and
its high efficiency.

Figure 10e represents the position of the flux vegtsin
this test for the two cortls. This position remains the same
as in the previous tests, as it is not affected by changes in
speed, load torque, or machine parameters.

Figure 10f represents the THD of the current for the two
algorithms in the third test. This value was 16.76 % Enhd3

14
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% for the DTC technique and the proposed approach,
respectively. The proposed algorithm significantly minimized
the THD value compared to the 6 sectors DTC technique,
which highlights that the current quality is high if the proposed

0.8

0.4

N12-DTC
DIC

algorithm is usedThis reduction in THD value was estimated ___
at 39.56 %. On the other hand, it is noted that the amplitude2

value of the fundamental signal (50 Hz) was equal to 3.32 A= o
for the traditional 6 sectors DTC approach and 3.28 A for thee{:

proposed approach. Therefpthe amplitude value is higher -t

in the case of using the conventional DTC approach compare:
to the designed approach. Therefore, this amplitude value ca
be considered a disadvantage of the designed approach in tk
test. This disadvantage can be attridute the number of
neurons and the number of internal layers, which can be
overcome in the future by using other strategies, such as th
NARX algorithm.
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Fundamental (50Hz) = 3.28 , THD= 10.13% speed is held at 1000 rpm with no load applied.

_ The purpose of this test is to study the impact of the
o designed approach on machine paramet@nges compared

' to the conventional 6 sectors' DTC approach. The graphical

, ‘"“"hdn

-}

results of this test are shown in Figure Higure 1lla
represents the speed changes for two controls. Despite the
machine parameter changes, the speeds for both controls
closely bllow the reference value, with the designed approach
having an advantage in response time over the conventional 6
sectors' DTC techniquekigure 11b represents the torque
variation for the two controls as machine parameters change.
This figure shows thathe torque is affected by machine
LTI RTTI NI R parameter changes, as this change is evident in the height of

500 750 1000 1250 1500

Freauencv (Hz) the ripples. However, the designed approach produced
(f.2) THD of current 12 sectors neural DTC significantly lower ripples than the conventional approach,
) . demonstrating the effectiveness of the desigaggatoach and
Fig. 10. Results of thehird test its insensitivity to machine parameter changes compared to the

Table 8 presents the numerical results of the third test &Pnventional approach.

the two techniques. This table gives the valared reduction Figure 11c represents the change in current as the machine
ratios for the torque, flux, and current ripples. It also gives thgarameters change. This figure demonstrates that the current
reduction ratios and response timdues for the flux and s affected by the change in machiparameters for the two
velocity. From this table, it is observed that the proposed 1gyntrols, as evidenced by the presence of ripples. Despite the
sectors’ neural DTC strategy gave better valthes the change in machine parameters, this current remains
conventional approach. Table 8 shows that the designed &g ysoidal. Figure 11c demonstrates that the current quality is
sectors neural DTC approach reduced the torqueemti@nd  higher when using the proposed approach comparedeto th
flux ripples by 54.39 %, 66.12 %, and 62.32 %, respectivelyraditional 6 sectors DTC technique, proving that the designed
compared to the conventional approach. Furthermore, thgyproach is less affected by machine parameter changes.
designed 12 sectors neural DTC technique reduced thggyre 11d represents the trajectory of the stator flux
response time to flux and speed by 40.96 % and 49.52 %pmponents FISD and FISC using both controls. Despite the
respectively, compadceto the conventional 6 se_ctors DTC parameter changes, eh trajectory of the stator flux
approach. These results demonstrate the effectiveness of fiinponents remains circular, similar to the observations in the
designed approach in this test and its high performance Hjevious tests. However, ripples are observed, and these
improving the current/torque quality and dynamic speed/ﬂu>ﬁ|0l;,|eS are significantly lower in the designed technique
response. These results make the desligriesectors’ neural compared to the traditional 6 sectors DTChteique. Figure

DTC approach attractive for other industrial applications.  11e represents the change in the position of the flux vector for

Mag

w
)

G

[

Table 8. Numerical results of thihird test the two controls as the machine parameters change. From this
figure, it is noted that despite the change in the machine
Performance Traditional | Proposed | Ratios parameters, the change in the position of the flux vefoio
metric technigue | technigue | (% e two controls remains the same as in the previous tests,
q q (%) the t trol ins th in th ious test
Toraue rioples proving that the position of the flux vector for the two controls
q(Nm)pp 5.70 2.6 54.39 is not affected by changes in the AM parameters.
Speed respongane 420 212 49.52 Figure 11f represents the THD of current for two controls
ms ) under thecondition of changing machine parameters. From
der th diti f changi hi F
Flux ripples this figure, it is noted that the THD value was estimated at
(Wb) 0.069 0.026 62.32 14.06 % for the traditional 6 sectors DTC strategy and 7.98 %
Flux response time 166 98 40.96 for the proposed approach. These valdeghlight the
(ms) : superiority of the proposed pmach over the traditional
Current ripples approach, as the THD value was reduced by approximately
(A) 1.684 0.469 66.12 43.24% compared to the traditional 6 sectors DTC approach.

On the other hand, Figure 11f shows that the amplitude value
5.4. Test4: Robustnesest of the fundamental signal (50 Hz) was estimatedet@.28 A
and 3.29 A for both the conventional and proposed

This test is completely different from the previous tests@PProaches, respectively. Therefore, the proposed 12 sectors
This test examines the effectiveness and efficiency of thgeural DTC strategy gave a better amplitude value compared
designed approach under the condition of changing machif@ the conventional approach, which highlights the
parameters. In this test, the machine parameters are modifigdi€ctiveness and efficiey of this designed approach in
so that the resiahce valuesare multiplied by 2 and the MProving the current quality despite the change in the
inductance values are multiplied by 0.5. Furthermore, thB'achine parameters compared to the conventional approach.
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Fig. 11. Results of théourth test

Table 9 presents the numerical results of the fourth test of
the two controllers. Table 9 shows that the proposed 12 sectors
neural DTC approach yielded very satisfactory results
compared to the conventional 6 sectors DTC approach in
terms of current, toe, and flux ripples. Table 9 also
demonstrates the effectiveness of the proposed 12 sectors
neural DTC approach in improving the response time to
velocity and flux compared to the conventional 6 sectors DTC
technique. The proposed 12 sectors neural DTcbnigue
reduced the torque, flux, and current ripple valme54.15 %,
59.32 %, and 48.32 %, respectively, compared to the
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conventional 6 sectors DTC strategy. Furthermore, th&able 9. Numerical results of thiourth test

proposed approach reduced the response time to velocity gnel — :
flow by 30.45 %and 42.31 %, respectively, compared to the ~ Performance Traditional | Proposed | Ratios
conventional 6 sectors DTC approach. These ratids metric technique | technique | (%)
demonstrate the effectiveness, efficiency, and high™ Torque ripples
performance of the proposed 12 sectors neural DTC technigue q(Nm)pp 5.89 2.7 54.15
com_parc_ad to th_e. conven.tional 6 sectors DTC appLoach Speed response tim
making it a promising solution for future control applications (ms) 289 201 30.45

Table 10 represents a study of the extent to which the Flux ripples 0.059 0024 | 59.32
values of current THD and amplitude of the fundamental (Wb)
signal (50 Hz) were affected between tests using both contro|s.Flux response time 156 90 4231
Table 10 showshiat the THD value changed across tests for (ms)
both controls. Therefore, it can be said that the THD value js  Current ripples

’ ) 0.896 0.463 48.32

affected by both load and speed changes. Using the 6 sectors (A)

DTC approach, the THD value changed by 20.56 % between
Test 2 and Test 1 and by 32.46 #hkieen Test 1 and Test 3. Table 10. Study the extent to which the values of the

In the case of the proposed 12 sectors neural DTC approa . .
the THD value changed by 12.60 % between Test 1 and Te?n damental signal (50 Hz) amplitude rent THD are

3 and by 35.64 % between Test 3 and Test 1. These rati%sECted In the case of using the two controls
indicate that the proposed-s2ctor NNDTC approach had rrent THD and amoli f Traditional| 12 secto
lower impact on the THD value between Test 2 and Test (1 Current and amplitude o DTC neural

" fundamental signal (50 Hz :
compared to the traditional approach. However, between Test gnal ( ) technique DTC

3 and Test 1, the proposed-4€ctor neural DTC had a greater Test 1 321 317
impact compared to the 6 sectors DTC. On the other hand, the

amplitude vale of the fundamental signal (50 Hz) was Test 2 2.95 3.23
significantly affected in the two control tests. Table 10 shows

that the value of the amplitude changed between the first and Test 3 3.32 3.28
second tests by a percentage®B5 % and +1.86 % for the

traditional and proposed apjpiches, respectively. Therefore, ) Test4 3.28 3.29
the value of the amplitude decreased when the 6 sectors DTCAMPlitude Test 2 Test 1 0.6 +0.06
was used, but its value increased when the propossdciar of i i
neural DTC approach was used. Furthermore, in the third tegfundamentall . o 1o ¢ +0.11 +0.11
the amplitude value increased signifidgnrcompared to the signal

first test for both controls. This increase was estimated at 3.31 (50 H2) Test 41 Test 1 +0.07 +0.12
% and 3.35 % for the-BTC and proposed approaches, (Test 21 Test 1)/

respectively. Therefore, the &s2ctor NNDTC provided a Test 2 -7.85% | +1.86%
greater amplitude effect between the third test and test [1, (Test 3i Test 1)/

demonstrating the effectiveness and efficiency of the proposed Test 3 3.31% +3.35%
designed 1zector NNDTC in improving the fundamental (Test 4i Test 1)/

signal (50 Hz) amplitude value compared to tHeTC. Table Test4 +2.13% | +3.65%
10 also shows that the THD of current increased in the fourth

test compared tthe first test for both controls. This increase Test1 11.32 6.52
can be attributed to the change in the machine parameterg in

the fourth test. The difference in THD between the fourth and Test2 14.25 7.46
first tests was estimated to be +2.74 % and +1.46 % for the Test 3 16.76 10.13
classical and designed @paches, respectively. Therefore,

the proposed approach produced a lower THD difference than Test 4 14.06 7.98
the conventional approach, demonstrating its effectiveness

despite the change in AM parametekiso, the value of the Current Test2i Test1 +2.93 +0.94
fundamental signal (50 Hz) amplitude incsed significantly THD

in the fourth test compared to the first test, which shows that (g5 Test 3 Test 1 +5.44 +3.61

the value of this amplitude was affected by changing the R

machine parameters for the two controls. The difference in Test 4' Test1 274 146
amplitude between the fourth and first tests was estinated (Test2i Test1)/| 555606 | +12.60%
+0.07 A and +0.12 A for the conventional and proposed Test 2

approaches, respectively. Therefore, the proposed 12 sectprs (Test 3i Test 1)/ +32.46% | +35.64%
neural DTC approach yielded a larger difference compared fo Test 3 o o
the conventional approach, highlighting the effectiveness of (Test 41 Test 1)/ o o
the proposed 12ectors neural DTC in improving the Test 4 +19.49% | +18.30%

amplitude value despite the change in the machine parameters.
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6. Empirical Results

In this part, the experimental implementation of the :
designed algorithm is discussed, comparing the resul :
obtained with the ©TC technique. Thexperimental work
of the designed algorithm was designed using th : NS
experimental setup shown in Figure 12. This experiment: :
work differs from several previously completed experimenta :
works such as [19, 29]. :

In experimental work, thecomputational burden is a
major factor and is taken into consideration in the case of o ]
industrial applications. Requests for lower arithmetic Fig. 12 Schematic diagram of the experimental platform
regulators with better competence, and performance are Ty measure current closémbp Hall effect current
always high. Therefore, the MDTC technique is most gensors LEM LASSTP are used, and to measure voltage,
suitabe for industrial applications. In this experimental Work’closedloop Hall effect voltage sensors LEM LV1@00 are
real tools were used to implement it, as a permanent magn@leq. Also, an incremead encoder is used to measure the
synchronous motor with a power of 3.5 kW and a load of 5.5,410r speed. In this experimental work, a protection filter with
kW was used. In this experimental work, a Hlgwel inverter 5 ., toff frequency of about 500 Hz (well above the
was used to feethe machine. The experimentally completeds,ndamental frequency of 50 Hz) was used between each
inverter consists of an array of IGBYpe transistors. sensor and the anaktg-digital converter.

The experimental work consists of two main sections, as  Figyre13 represents the experimental work performed for
shown in Figure 12. These two sections are the control paghe proposed algorithm. This figure gives a clear picture of the

which expresses the elemengsated to control, such as the \arioys parts used and composing the experimental work.
proposed algorithm, and the second section is the power

section, which consists of several elements, such as the AM Three different tests are proposed to experimentally verify
machine. the efficacy and efficiecy of the 12NDTC technique. Also,

i ) . the competence of the IDTC technique is compared with
In this experimental work, we relied on a control panelne gsector DTC algorithm. Experimentally, the same

dSPACE 1104 for generating PWM control sigwith TTL - y5chine parameters used in the simulation section are used.
0/5 V logic. Use a control panel dSPACE is based on the use

of MATLAB, where the 12NDTC technique is realized in g 1 Test1: No-Load Startup andteadyState Operation
MATLAB and is linked between MATLAB and the dSPACE

control panel.

In this test, a torque scale was used: 5V and a gain of 0.1,

Using MATLAB/Simulink reattime applications are easy and for flux a gain of 1 and a gain of 2 V was used. The
to progran in Simulink using specific blocks of the raahe  reference speed is fixed at 1000 rpm. The results of this test
interface (RTI) toolbox, which allows the inputs and outputsre represented in Figure 14. Figure 1l4a represts
of the dSPACE DS1104 board to be configured. ControlDesgxperimentally obtained torque and speed for the two controls.
is the second program used in this experimental work, whichhe torque follows the reference well and is the same thing for
is used to load the pragmn code onto the board (written speed. It is noted that the designed algorithm gave fewer
graphically in Simulink, compiled, and converted to C Code)undulations than the 6 sectors DTC technique and a faster
It also enables reagime monitoring of measured or calculated dynamicresponse to speed compared to the 6 sectors DTC
data using graphical or digital displays. The Texas Instrumetgchnique.
DSP (Digital signal processor) typeMB5320F240 is used to

L. . Analog Voltmeter Rheostat  dSPACE 1104 Isolation Transformer
handle additional processing tasks. e

Universal Decade

In this experimental work, information exchange between Dok Box RLC

components and experimental work parts is managed via an =
external connector board (CP1104/dSPACE), connected to the  crementat
board through a shielded lda. This board facilitates the Sacer

Inverter

Power Supply

12vDC
reception of analog signals through BNC connectors. Also, it i o oy
adapts the signal to PWM control signals and possible error it Cireit
signals from the Semikron converter. The use of this board Power Supply
allows the integration of different measugisensors into the o e
experimental setup. v i & B Power Supply
% , 400v

Current Sensor

The signal conditioning interface converts between 0/5 V :
TTL logic and 0/15 V CMOS logic. This conversion is critical =~ voltage Sensor BN Sotware ntertae
as the DS1104 control board operates with 0/5 V TTL signals, |
while the inverter requires 0/15 V CMEsignals.

Fig. 13. Experimental prototype setup
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Figure 14b represents zoamrotor speed. This figure Tekstwp = : = 3
shows that using the proposed algorithm increases tt | Real torgue ’R.fmﬂm..!
dynamic speed performance compared to using the 6 sectc = ot 1
DTC technique. Also, it is noted that the speed response tin
was 212 ms and 400 ms footh the 12NDTC strategy and
the DTC technique. Therefore, the -IDTC technique

Bk

significantly reduced the response time compared to the [~ bt - ER R
sectors DTC technique. This reduction was estimated at 47 & : :

compared to the 6 sectors DTC technique, as this pegeente
highlights the strength and competence of the designe

algorithm and its ability to improve dynamic response. s BN : o o

Figure 14c shows a zoom representation of the statc il S:aa v 1= =" ursaams Al Chi 7 -25.1 v
currents (1 div = 5 A) for the two algorithms. These current. ’ '
are absorbed by the motondait is noted that these currents (a.1)Torque and speed (first empirical te@)TC

have a sinusoidal shape with ripples. These fluctuations are
low when using the RIDTC strategy compared to DTC ™

i< Stop £

‘Reference Torque

technique 3 Real torque
Figure 14d represents the change of both the stator flt B il TR : : /
and its components as a function ofdifior the three control = - T TR

methods. It is noted that the flux takes a constant value ai
follows the reference well (1 div = 0.2 Wh). The flux
fluctuations are low when using the designed algorlthn
compared to the 6 sectors DTC technique (see Figure 13

Real Speed

Also, the flux components take a sinusoidal shape Witl |t pmicimmen o
distortions. These distortions are less in the propose I i S S S D B
algorithm compared to the 6 sectors DTC technique. S.00V_jchaS.00V ‘

results listed in this figure are thamse as the results Ilsted in neural DTC

the simulation, where the position of stator flux takes the form

of saw teeth. Te‘fF‘F"’i%", oS =

Figure 14f represents the evolution of the flux
components for the two algorithms. It is noted that the shag
of the evolution of the flux componertiakes a circular shape,
which is the same as the simulation results. Also, the propos
algorithm provided better development than traditional ¢
sectors DTC technique in terms of ripples.

Figure 149 represents the THD of the current obtaine
from theexperimental work of the two algorithms. This value |
was 12.83 % and 8.87 % for the 6 sectors DTC technique ai T T R ™ T et

the 12NDTC strategy, respectively. Therefore, the designea
algorithm minimized the value of THD experimentally (b.1)Zoom on theotor speed (first empirical tesTC
compared to the 6 sectors DTChamue. This reduction Was ey pepyies,
estimated at 30.87 %. This percentage proves that ti 7 : :
algorithm has an effective performance in reducing currer j v s rerna
ripples and improving its quality compared to the 6 sector | : : : : : : : :

DTC technique. Experimentally, it was observed that th : :
amplitude of the fundamental signal (50 Hz) was 3.29 Afo |- -~/
the conventional 6 sectors DTC technique and 3.22 A for th ;
designed 12 sectors neural DTC approach. These results i
almost the same as the simulation results in the first tes : :
Therefore, the awventional 6 sectors DTC technique gave e gt 0L
better amplitude value than the designed 12 sectors neu |
DTC approach. Therefore, this amplitude can be considerec
drawback of the designed approach in this test. This drawba
can be overcome in the future lwging a fractionabrder
control strategy or by changing the number of internal layers (b.2)Zoom on the rotor speed (first empirical te4g
of the neural controller. sectors neural DTC

@ikl 2.00 Vv [ M[10.0ms| Al Ch1 # — 810V
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Ch1| 1.00VA |Ch2 200V  |M[200ms| A Chl £ —24.0mvV
ch3[ 200V EE 1.oovAa |
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(e.2) Zoom in the stator flux and positigfirst empirical
test} 12 sectors neural DTC
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sectors neural DTC
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Rua. s0.53Hz 2oi0oi24 1547 Moo proposed algorithm provided a high quality of current
AhO1 100.0x 3.29a +000° compared to the 6 sectors DTC technique.
- 100:0 % THD 12.83x Fi o -
w N gure 15c represents the flux (1 div = 0.2 Wb) and its
100] g L comporents (1 div = 1 Wb) at the value of 1480 rpm. From
L2 this figure, it is noted that the flux is affected by changing the
s0 2 value of the rotation speed, as it is observed that the limit value
is exceeded. This overshoot was less severe when using the
proposed ajorithm compared to the 6 sectors DTC technique.

1 3 05 ¢ 9 11 13 15 17 19 21 23 25 = . . .. .
v A U e Moreover, the designed algorithm minimized the value of flux
ripples in this test compared to the 6 sectors DTC technique.
(g.1) THD of current(first empirical test)DTC The flux components are sinusoidal for the two controls, with
, the proposed algorithnhaving an advantage in terms of
Reno oo sThs 20709/24 17:40 W00 quality compared to the DTC technique.
Ah 01 100.0x 3.22a +000°
mazx 100.0 % THD 887« Figure 15d represents the evolution of the flux
s "~ components of the two algorithms. This development is the
100 o = same as in the previous test and in the simulation. It is noted
— that the desiged algorithm provided better development than
=0 h the 6 sectors DTC technique in terms of quality.
The value of THD of the current is listed in Figure 15e.

.y v ; e ‘L‘j v ‘ié‘) ESjg This value is estimated to be 19.09 % and 11.03 % for both
. the DTC technique and the proposed algoritfiherefore, the

(9.2) THD of current(first empirical test)12 sectors neural designed algorithm minimized the THD value in this test

DTC compared to the 6 sectors DTC technique. This minimization
) . . was estimated at 42.22 %. On the other hand, Figure 15e
Fig. 14. Results of the first empirical test shows that the amplitude of the fundamental (50 Hz) current
signal was 3.29 A for both controls. Therefore, the amplitude
6.2. Test2: Speedvariation valueswere the same for both controls. These results highlight

. . _ . _ the effectiveness of the designed approach in improving the
In this subsection, the 12D TC technique is tested in the characteristics of the current and the control system as a
case of changing rotational speed. The reference speedwgole.

changed from 1000 rpm to 1480 rpm under-load
conditions. The results of this test are represented in Figu ; T
15. For this test, a 500 md¢ale with a gain of 0.01 was used Lt D Befersnce Torque
for torque measurements, a 500 mV scale with a gain « 1 j
0.0001 for speed measurements, and a 200 mV scale witt
gain of 0.0001 for speed measurements. Gain of 0.1 for flu
measurements.

Tek swp £ - —

Figure 15a represents the torque anotor speed of the
two algorithms. The speed follows the reference well with

some distortion. These distortions are fexistent in the S :,,Meim“,sp“d Real Speed |
proposed approach compared to the 6 sectors DTC techniqi _ | - B : , o -
It is noted in this test that the designed algorithm pedvid E oy chal sgemy [Miicoms] Al chi 7 —6d2mv]

better dynamic response to rotational speed than the 6 sector:
DTC technique. Also, the proposed algorithm minimized

exceeding the limit value of rotation speed compared to the Telswe : : :
sectors DTC technique. R Reference Toraue!

?a.l) Rotor speed and torquexperimental test 2DTC

When changing the rotation speed from 1000 rpf#&0 et oo ; NP SUNUE :590,?,me
rpm, it is noted that the torque value increased. Therefore, : L : S 3 i
increase in rotational speed corresponds to an increase in-
torque value, after which the torque returns to its previou
value as a result of the use of the PI regulator. From Figu | ; : : : ; : :
15a, it is noted that the designed algorithm reduced the vali LG E S R
of torque ripples compared to the 6 sectors DTC technique. |- Re Seeed :

7 Referames spesd’

Figure 15b represents the change in current for the tw = aiir=seemv = chsr = sesmv " MrToems A Chi 7 —ed3mv
algorithms in Test 2. This current takes a sinusoidal shape, =& =°°™ (<" =oomy
with an increasén the value of the current observed at the(a.2) Rotor speed and torquexperimental test 2)12 sectors
moment of the speed change, which is normal. Also, the neural DTC
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Fig. 15. Results of the second empirical test
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6.3.Test3: Load Test T

r -

3

3

A -

400 ms

In this test, the speed is fixed at 1000 and a load is applleDMMWWWMMWW

The sampling time is set fie= 10* s using Euler's method. S
The reference static flux is 0.8 Wh.this test, a 500 mV scale
with a gain of 0.01 was used for torque measurements, anc
500 mV scale with a gain of 0.0001 was used for spee
measurements. The results of the third pilot test are shown
Figure 16.

Isa Current

This test differs from the previous two experimental tests _| Wh W{WW WM MM !

Real torque -

M[EA00ms| A Ch1 F —60.0mv

Figure 16a shows the torque (1 div = 5 N.m) and th1_'| TN
currentls, (1 div = 5 A) of the AM at the moment when the "3 =°2%~
|Oad iS app|led It can be Observed from th|S figure that the AMa‘l)Torque and stator Curreh&(experimenta] test 3DTC
torque closely follows the reference torque for the three
proposed algorithms. Additionally, the electrical current T et 1
increases at the moment tbad is applied, with this increase > =

corresponding to the applied load (the value of the applie CWWWW WMWW MWWWMMWWMMY,W‘W

Ch2[ so00 mv

resistant torque). Furthermore, there are torque and curre _
ripples, as shown in Figure 16b, which are more pronounce m’aﬁt :
in the case of the 6 sectors DTC tecjud compared to the : _ =
proposed algorithm. These applied results are consistent wi :
those presented in the simulation section, indicating th
validity of the previously presented results and the superiorit
of the 12NDTC technique.

The AM speed andobrque are illustrated in Figure 16c.
From this figure, it is observed that the speed (1 div = 500
rpm) closely follows the reference fibre proposed algorithm.
The DTC technique and proposed algorithm experience
overshoot, and their response times carcdrm@pared to the Tek Stop_
proposed algorithm when the load is applied. These results :
convincingly confirm the simulation results and demonstrate  [x = -
that the 12NDTC technique is superior to both the 6 sectors @fm‘in
DTC technique, particularly in terms of reducing torque
fluctuations.The evolution of the flux components of the AM
in this test is shown in Figure 16d for the two controls. The
evolution of the flux components in this test remains the same
as in the previous two tests with a circular shape. The propose:
algorithm gave a much better shape for the evolution of flux
components than the 6 sectors DTC technique. o

Reference torgque

Real t p
e : orque <o

500 mv “TmMldooms| A Ch1 r —60.0mv,
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In this test, the THD of the current value is listed in Figure
16e for the two algorithms. According to Figure 16e, the THD
value experimentally was 23.93 %h12.03 % for both the 6
sectors DTC technique and the designed algorithm,
respectively. Therefore, the designed algorithm minimized the
value of THD experimentally by an estimated percentage of
49.73 % compared to the 6 sectors DTC technique. Figure 16€
shows that the fundamental (50 Hz) current amplitude was
3.19 A for the conventional 6 sectors DTC technique and 3.29
A for the designed approach. These valingcate that the
amplitude is larger in the designed approach. The
experimental amplitude vaé for the designed approach is
almost the same as the amplitude obtained using simulation in
the third test. These experimental results highlight the efficacy ' : : _
and strength of the IRDTC technique in improving the B~ ' ' ' €
control system features and current qyatompared to the 6 j i
sectors DTC technique. Therefore, the proposed algorithm can

be relied upon in the future in industrial applications such aS(p.2) Zoom in the torque and current (experimental test 3)
propulsion and traction. 12 sectors neural DTC

(b.1) Zoom in the torque and curremperimental test 3)
DTC

K Stop__ i = 1

AN/

(£

il 500 mv
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Fig. 16. Results of thehird empirical test
6.4. Fourth Experimental Test: Low Speed Operation

This experimental test differs from previous experimental
tests. In this test, the effectiveness of the designed 12 sectors
neural DTC approach is studied at low speeds. The speed
varies from 800 rpm to 250 rpm and then to 125 rpm, with the
results shownn Figure 17.

According to Figures 17a and 17b, the speed of the two
techniques follows the reference value well, with the designer
approach having an advantage over the traditional 6 sectors
DTC approach regarding response time (blue curve). Also, a
thresiold value is observed when using the traditional 6
sectors DTC approach, but the designed approach does not
exceed the threshold value for speed, demonstrating the great
capability and effectiveness of this approach.

The position of the flux vector for ¢htwo techniques is
represented by the purple curve. It is noticeable that the shape
of the position of the flux vector is a sawtooth signal as in the
previous tests. From Figures 17a and 17b, it is observed that
the period of the position of the flux vectsignal varies with
the change in rotational speed, where the period is lowest for
a speed value equal to 800 rpm, and the lower the speed, the
higher the period value. On the other hand, it is observed that
the quality of the position of the flux vectsignal is better in
the case of using the proposed 12 sectors neural DTC strategy
compared to the conventional 6 sectors DTC technique.

The current for the two controls is represented by the
green curve. This current for the two controls remains
sinusoidawith ripples. These ripples are lower in the designed
12 sectors neural DTC approach compared to the conventional
6 sectors approach.
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Furthermore, it is noted that ehange in speed value  Table 11 compares the proposed strategy with related
directly affects the period of the current signal for the twgVorks in terms of the THD value of current data. This
controls. At low speeds, the period value increase§omparison highlights the effectiveness of the proposed 12
significantly for the two techniques. On the other hand, it i§€ctors neural DTC approach in providing a significantly
noted that current ripples increase significantly at épseds better value th_an several relasmientific works. Based on this
for the two controls. Therefore, it can be said that low speei@ble, the designed approach reduced the THD value by 26.24
affects current quality. Therefore, lespeed operation can be %, 17.47 %, and 46.95% compared to the fuzzy predictive
considered one of the most significant drawbacks of theontrol strategy [52], fuzzy DTC approach [54], and seven
traditional and proposed approachesl level neural DTC with fUZZy Speed controller [56]

respectively.

Figure 18 represents the THLOF ourrent for the two .
controls in the fourth test. This value was 17.39 % for the The designed strategy reduced the THD value by 5.92%,
conventional approach and 9.12 % for the proposed 12 sect@é-19 %, 85.61%, and 27.47 % compared to the neural DTC
neural DTC approach. Therefore, the proposed approadfchnique [30], Conventional SMGased DTESVM scheme
yielded a THD value significantly lower than that obtaibgd [58], 12 sectors DTC based on supsisting controllers [59],
the conventional method. The proposed approach reduced fh@d neurefuzzy DTC technique [55], respectively.

THD value at low speed by a percentage of 47.56 %. This Tpese ratios highlight the effectiveness of the designed
percentage demonstrates the effectiveness of the des'gneda:b%roach in reducing the THD of current compared to several
sectors neural DTC approach and its ability to reduce THRy ategies found in the literature, such as theddor DTC
despite the lower otational speed compared t0 thepased on supewisting controllers agh the conventional
conventional approach. On the other hand, Figure 18 show§ cipased DTESVM scheme. This comparison
that the fundamental signal (50 Hz) amplitude was 3.28 A fofemonstrates that the designed approach has a significant
the conventional 6 sectors DTC approach and 3.29 A for thestential to improve current quality, making it a promising and

proposed 12 sectors neural DTC approach. Thesees rejigple solution for electric vehicles and renewable energy
demonstrate the effectiveness of the designed approach ({jind energy.

improving the amplitude value compared to the conventional

approach. These obtained results highlight the effectiveness, On the other hand, the work designed in this paper is
efficiency, and high operational performance of the designegPmpared with the work completed in [60, 61], as this
12 setors neural DTC approach, making it a reliable solutioffomparison aims to highlight the importance of the work
for other industrial applications such as electric vehicles angPmpleted compared to several works found in the literature.

renewable energy.
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Table 11. Comparison with other related works in terms ofimproving the accuracy of the hysteresis switching. While it
current THD value improves upon classical hysteresis comparison tables and
comparisonsjt remains within the traditional hysteresis +

References and techniques -E;)I)D search table model and is limited to simulation. Our proposed
i work deviates from this by eliminating hysteresis comparisons
Neural DTC technique 6.93 |  and completely replacing the switching table with a neural
[30] Tree DTC technique 6.60 network for voltage vectoselection, and by providing real
Traditional DTC strategy 11.78| time experimental verification on hardware.
[50] Optimized stator flux reference by 7.20 Taken together, while reference works drive incremental

TOA method improvements to the 2&ector DTC architecture (via
[51] Neural network method 22.48| enhanced comparison levels or PWM modulation) within the
framework ofthe traditional logic table, our designed work

[52] Fuzzy.p')redlctlve controll 8.84 transforms the model into an adaptive nedaded selection
Low Traditional DTC technique | 9.30 mechanism, extends the application to induction machines,
speed Fuzzy DTC technique 7.90 and demonstrates practical device performance gains (e.g.,
[53] High Traditional DTC technique | 9.10 lower torque ripple, fasteransient response) that go beyond
speed Fuzzy DTC technigue 750 the simulatioronly context of previous studies
Traditional DTC technique 9.30 7. Conclusions
[54] Fuzzy DTC technique 7.90
Optimized DTC strategy 7.30 This work discusses the application of neural algorithms
[55] Neurofuzzy DTC technique 8.99 to address the issues associated with traditional direct torque
i control techniques. The algorithm was initially implemented
Sevenlevel DTC technique 26.92| iy MATLAB with various tests, and its results were compared
[56] | Sevenlevel neural DTC with fuzzy speec 12.29 to those of thetraditional 6 sectors DTC approach.
controller ' Subsequently, an experimental implementation of the
Standard DTC 7.27 proposed algorithm was conducted using real equipment

57 i

[57] DTC technique with rammodulator 710 based on dSPACE. 1104. Three dlﬁgrent tests were proposed
— to evaluate the efficiency and effectiveness of thesd@or

DTC-SVM with single Pl controller | 13.85| o3| DTC strategy in comparison to the traditionab6tor

[58] |  Conventional SMCbased DTESVM 860 | DTC technique. The experimental results confirmed the

scheme simulation outcomes, demonstrating the competence and
Basic DTC technique 76.92 capabilities of the 12 sectors of the neural DTC technique in
[59] 12 sectors DTC based on supaisting enhancing the pposed control system. The findings indicate
controllers 45.30| that the suggested algorithm effectively overcomes the
Proposed technique 652 challenges posed by the traditional 6 sectors' DTC method.
: Key results from the experimental work can be summarized as
follows:
In the study by J. Park, atl . (ADirect Torque Contr ol i n

PMSM Using a 12Segment Approach and Pulse Width U An improved dynamic speed sgonse by 47%
Modul ati on Based on the Suppl i EPage thedraditional 6 sectors DG lechnique.g ¢
[60], a 12segment DTC scheme coupled with pulse width i A significant reduction in the incidence of exceeding
modulation is implemented for the PMSM, using constant the speed limit.

switching logic and voltage vector selection rules. In contrast,

our work focuses on an inductive (asynchronous) machine U Decreased fluctuations in current, torque, and flux

instead of a PMSM, replacing  the fixed compared to the traditional 6 sectors DTC method.
comparator/switchable structure with a neural network A 30.87%, 42.22%, and 49.73% reduction in the
decision unit, enabling adaptive mapping of flawdfue error THD of current, relative to the traditional 6 sectors
signals and sector information for voltage vector selection. DTC technique.

While J. Par k et al . 6s approach aims to improve vecto

framework, it retains the classical rationale; our approacHtilizing a neural algorithm to overcome the limitations of the

for the switching decision and demonstrates full experiment@PPplications in various sectors, including factories producing
implementation rather than just simulation. electric motors, where it can serve as an effective tool for

controlling electrical machines. In the industrial sector, the
The second reference study, conducted by A. Pal, et groposed algorithm could enhantiee power quality and
[61], applies torque comparison (DTC) to a-s#yment cyrrent stability of large generators used in offshore wind
induction motor in the simulation by increasing the levels ofyrbines and hydro pumps. Unlike strategies that rely on
the comparator (a fiveevel torque comparator) and thus mathematical modeling of the studied sysewhich can
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increase vulnerability to changing system paraméténe  References

designed algorithm is characterized by its simplicity and does
not rely on mathematical modeling of the system beingl]
studied. This simplicity underscores the importance of the
proposed algorithm for future applications in other fields.

In the future, additioraexperimental work will be
conducted on the DTC technique for the AM drive algorithm{z]
employing nonlinear strategies such as the SMC approach or
BC technique, with results compared to those obtained from
the algorithm proposed in this work.
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NN Neural network
SMC Sliding mode controller
Pl Proportionalintegral controller
EM Electrical machine
HC Hysteresis comparator [4]
MM Mathematical model
MRAC Model reference adaptive control
WT Wind turbine
SPWM Sinusoidabpulse width modulation
VFD Variable frequency drive
AM Asynchronous machine [5]
THD Total harmonic distortion
GA Genetic algorithm
RE Renewable energy
FOC Field-oriented control 6]
ST Switching table
SVM Space vactor modulation
BC Backstepping control
ACO Ant colony optimization
FSOSMC Fuzzy seconarder sliding mode [7]
controller
MPPT Maximum power point tracking
SF Switching frequency
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